Chronic cold stress produces adrenergic overload that can affect fetal development. The placental norepinephrine transporter (NET) clears norepinephrine (NE) from both maternal circulation and the fetus during gestation. If this system fails, NE clearance can be reduced, leading to high fetal exposure to NE. The main aim of this study was to determine the changes in NET expression during gestation and their relationship with the functional capacity of NET to transport NE under stressful conditions. Additionally, this study correlated these findings with the reproductive capacity of 2nd-generation progeny. Pregnant rats were subjected to chronic cold stress at 4°C for 3 h each day throughout their pregnancies. We found that exposure of pregnant rats to sympathetic stress caused the following effects: increased NE and corticosterone levels throughout pregnancy, decreased capacity of the placenta to clear NE from the fetus to the mother's circulation, altered NET protein levels depending on the sex of the fetus and increased placental and body weights of pups. For the first time, we also described the disrupted fertility of progeny as adults. Increased NE plasma levels during pregnancy under sympathetic stress conditions correlated with decreased NET functionality that provoked changes in the development of progeny and their fertility in adulthood.
Introduction
Stress has emerged as one of the most important challenges in maintaining the body's homeostasis. Among developmental stages, the gestation period is particularly sensitive; gestational stress can cause permanent modifications during the postnatal development of newborns (fetal programming), predisposing them to diseases in adulthood (Godfrey & Barker 2000 , 2001 . Many stressful fetal exposures can provoke responses in adult rats depending on their sex; for example, although a high-fat diet of a gestating mother causes endothelial dysfunction in the progeny of both sexes, it leads to arterial hypertension only in females. If the stressful stimulus is under-nutrition, arterial hypertension occurs only in males (Grigore et al. 2008 (Grigore et al. , 2009 ). Cold stress produces chronic adrenergic overload that can affect the development of fetuses (Benedict et al. 1979 , Pacak et al. 1998 , Goldstein & Kopin 2008 . We previously used this cold stress paradigm in gestating rats, and we found that female newborn rats presented delayed follicular development and low response of the ovaries to folliclestimulating hormone (FSH) either in the capacity to stimulate cyclic adenosine monophosphate (cAMP) or to stimulate the transition from primary to secondary follicles (Barra et al. 2014) . This delayed follicular development also affected the age of puberty and post-puberty estrous cycles, suggesting that gestational stress permanently affected the reproductive function of first-generation female rat progeny. If this finding were true, it would be very likely that placental tissue would be a target of increased sympathetic tone during gestation. In this regard, in the sympathetic nerves, norepinephrine (NE) concentrations are regulated by the activity of the norepinephrine transporter (NET), which clears NE from maternal circulation and the fetus during gestation. In fact, high levels of NET have been documented in mammalian placental tissue (including from humans) (Melikian et al. 1994 , Shearman & Meyer 1998 . If this system fails, NE clearance would decrease, which could lead to high fetal exposure to NE. This effect has been observed in sheep (Gu & Jones 1986) . Given that this mechanism could be present in placental tissue during pregnancy, the main aim of this study was to determine the changes in NET expression during gestation and their relationship with the functional capacity of NET to transport NE under stressful conditions. As a marker of reproductive function, we also wanted to correlate these data with the reproductive capacity of 2nd-generation progeny. The results of this study clearly indicated that placental changes in NET were involved in gestational stress modification of the reproductive functions and fertility of progeny.
Materials and methods

Animals
Sprague-Dawley rats weighing 250-300 g were maintained at 20°C with a 12-h light and 12-h darkness cycle. Water and food were provided ad libitum. For the selection of the dams, we used pre-paired selections from non-sister dams of the same age (age difference of 2-3 days between each) from the same breeding facility. No significant differences between groups were found in the homogeneity test of variance. The estrous cycling activity of the rats was monitored with vaginal smears. On an afternoon during the proestrus phase, the rats were mated, and pregnancy was confirmed the following morning by checking for a vaginal plug. We randomized 35 pregnant rats into two groups of 18 control rats and 17 stressed rats (Fig. 1) .
The control rats were maintained at room temperature during their entire pregnancy, and the stressed rats were moved to a cold room at 4°C for 3 h each day during their entire pregnancy. All of the experimental procedures complied with national guidelines (CONICYT Guide for the Care and Use of Laboratory Animals) and were approved by the Bioethics Committee of the Faculty of Chemistry and Pharmaceutical Sciences at the Universidad de Chile (Protocols number: CBE2013-17 and CBE2012-18). Every effort was made to minimize the quantity of animals used and their suffering.
Study on prenatal rats
All the animals were killed by decapitation with a guillotine, and plasma was collected in tubes with EDTA and metabisulfite and stored at −80°C to determine catecholamine and corticosterone. We randomized 21 pregnant rats into two groups of 11 control rats and 10 stressed rats (Fig. 1A) . One group of 5 control rats and 5 stressed rats was killed at 15 days of gestation, and another group of 6 control rats and 5 stressed rats was killed at 19 days of gestation. The rats' placentas were frozen at −80°C or were immediately used to assess the functionality of the placental NET.
Fertility study
We randomized 14 pregnant rats into two groups of 7 control rats and 7 stressed rats. Their pups were considered as first generation (Fig. 1B) . First-generation rats (control or stressed) were maintained in control conditions until they were 3 months old. At that point, one group of 20 control rats and another group of 20 stressed rats were set apart, and both groups were checked for activity of the estrous cycle to determine the day in which proestrus occurred. On an evening in the proestrus phase, female rats were mated with males of proven fertility. On the following morning, female rats were checked for a vaginal plug. If the check was positive, the rat was classified as being on day 0 of pregnancy. If the rats did not show signs of proestrus (mostly the stressed rats) during a two-week period, they were placed with the males every night for two weeks and were checked every morning for a vaginal plug. If no vaginal plug were detected after this case, the female rats would not be mated anymore and were assumed to be infertile. The offspring from this phase of the study were considered to be secondgeneration progeny.
After 4 days, some of the control newborn rats (n = 11) were used to assess the weight of the control group, and the remaining rats (n = 55) were used after birth (day 1) for other studies related to the development of the heart to minimize the number of tested animals, as recommended by the Local Bioethical Committee. In the case of newborn stressed rats (n = 48), all of them continued with the experimental protocol.
Determination of 3 H-NE incorporation by NET
The functional response of the NET was determined by measuring the incorporation of 3 H-NE by the placentas of the offspring. The placentas from male and female pups were incubated under two conditions: at 37°C on Krebs buffer for 60 min with 2 μCi/mL 3 H-NE with or without cocaine. We previously did a time curve at 10, 20 and 60 min to ensure that we were at equilibrium. Equilibrium was established at 20 min. This quantification with the use of cocaine (a specific inhibitor of monoamine reuptake (Greiner et al. 2008) ) provided us Figure 1 Experimental design of the groups of rats. In (A) the distribution of pups used for the prenatal studies is shown and in (B) the distribution of females during the postnatal stage to obtain the first and second generation of rats is shown (fertility study). with specific information about the in vitro incorporation of NE through the cocaine-sensitive NET.
Determination of plasma levels of norepinephrine by HPLC
The alumina adsorption process was performed on 100 μL of the plasma, which was previously stored at −80°C, and catecholamines were eluted with 100 μL of 0.2 M PCA. This obtained elution was injected into the HPLC for the plasma norepinephrine determination, as previously described (Dorfman et al. 2003) .
Determination of plasma levels of corticosterone
Corticosterone levels were determined using an enzyme immunoassay according to the manufacturer's instructions (Alpco Diagnostic, Windham, NH, USA). The intra-assay variation was <8.3%, and the inter-assay variation was <12.4%. The minimal detectable value was 4.1 ng/mL.
Protein isolation
Frozen placental tissue from one female and one male fetus per dam was used at 19 days of gestation. At 15 days of gestation, there was no sexual dimorphism; thus, placentas were selected randomly. The placentas of pups at 15 and 19 days of gestation were homogenized with RIPA buffer (Tris-HCl pH 7.2 10 mM, Triton X-100 1%, NaCl 150 mM, SDS 0.1%) with a glassglass homogenizer on ice and were centrifuged at 12,000 g for 20 min at 4°C. The protein concentration was measured according to the Bradford method (Bradford 1976).
Electrophoresis and western blotting
The samples (15 μg of proteins) were heated for 5 min at 95°C. Electrophoresis was performed with 10% SDS-PAGE gels for 90 min. Thereafter, the separated proteins were blotted on nitrocellulose. The blots were then incubated with blocking buffer (5% skim-milk powder and TBST, consisting of Tris-Base 0.224% (p/v), NaCl 0.8% (p/v), and Tween 20 0.1% (v/v) (pH 7.6), for 1 h at room temperature, followed by incubation with 1:1000 anti-SLC6A2 rabbit antibody (Sigma-Aldrich) in blocking buffer overnight at 4°C. After 3 washes for 5 min with TBST, incubation with horseradish peroxidase-conjugated anti-rabbit antibodies (Abcam) was conducted at a dilution of 1:10,000 for 1 h at room temperature. The blots were then washed 3 times with TBST for 5 min. The proteins were detected with an EZ-ECL Kit (Biological Industries Israel Beit Haemek Ltd., Kibbutz Beit Haemek, Israel). The immunostaining intensity was measured by densitometry. In all of these cases, GAPDH was used as a housekeeping gene (1:40,000 anti-GAPDH, Sigma-Aldrich). These experiments were repeated three times, and under these conditions, the western blot analysis presented a 20% variability. 
Statistical analyses
The data were expressed as the mean ± s.e.m. values. To determine significant differences among multiple groups, we used a one-way ANOVA, followed by the Newman-Keuls post hoc test to check for differences between pairs of data. Previously, each of the groups was analyzed to verify the homogeneity of variance. To analyze the fertility of the secondgeneration rats, a chi-square test was applied. The comparison was statistically significant at P < 0.05.
Results
Effect of gestational stress on plasma norepinephrine
Gestating rats were exposed to a temperature of 4°C for 3 h each day during the entire gestation period, and the concentration of NE in the plasma was determined (Fig. 2) . In Fig. 2A , we compared the NE plasma levels in control non-pregnant rats with those in 15-and 19-day gestating rats. A continuous decrease in NE was found in the control gestating rats, attaining lower NE levels close to delivery. When we compared these levels with the NE levels found in age-matched stressed rats during gestation, we did not find changes in NE at 15 days of gestation, but there was an increase in NE levels at day 19 of gestation ( Fig. 2B) .
Effect of gestational stress on plasma corticosterone levels
Although it was previously proven that the cold stress paradigm used in this work did not affect corticoid plasma levels (Benedict et al. 1979) , studies on the effect of this stress paradigm during gestation had not been conducted. During a normal pregnancy, we found increased corticosterone plasma levels at day 19 of gestation, but no changes at day 15 (Fig. 2C) . During gestational stress, corticosterone plasma levels increased from day 15 of gestation ( Fig. 2D ), and they remained high until the end of gestation.
Effect of gestational stress on placental norepinephrine transporter (NET)
Because of the changes in NE plasma levels during gestational stress, it was important to assess the functionality of the transporter and NET concentrations. In Fig. 3 , the changes in the capacity of placental tissue were shown to incorporate NE specifically in vitro through the cocaine-sensitive NE transporter. The results corresponded to placentas from both sexes because we did not find changes of the incorporation of NE by female and male placentas or placental and The results correspond to the mean ± s.e.m. of the number of three independent experiments. The number of rats is shown in the graph. *P < 0.05.
Table 1
Effect of cold stress exposure during gestation on the numbers of pups of the first generation.
Control Stress
Number of pups/litter 15 days of gestation 14.4 ± 1.2 (n = 5 mothers) 13.4 ± 0.8 (n = 5 mothers) 19 days of gestation 13.3 ± 1.0 (n = 6 mothers) 13.8 ± 0.9 (n = 5 mothers) 19 days of gestation/sex Females: 7.0 ± 0.7 Females: 7.0 ± 0.4 Males: 6.3 ± 0.6
Males: 6.8 ± 0.9
The results correspond to the mean ± s.e.m. of the number of pups/litters of the gestating rats, shown in parenthesis.
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We did not find differences in the incorporation of NE at 15 days of gestation in the placental tissue obtained from the controls and stressed rats. However, at day 19 of gestation, a 50% decrease in the capacity of the placental tissue to incorporate NE was found in the placental tissue of stressed rats, compared with the controls.
To verify whether this change was a result of the synthesis of the transporter protein, we quantified the amount of protein by western blot analysis. The analysis showed three principal bands of sizes 80, 55 and 46 kDa (Fig. 4A ). These three isoforms were previously demonstrated to be proteins with different degrees of glycosylation. The 80 kDa was the completely glycosylated mature isoform, and the 47 kDa was the immature isoform (Melikian et al. 1994 , Jayanthi et al. 2004 ). We did not find the effects of gestational stress on any of the three isoforms at 15 days of gestation (data not shown, representative gel is shown in Fig. 4A ). At 19 days of gestation, however, sex-dependent changes in NET were found. The placental tissue of female fetuses from stressed mothers presented a higher level of NET protein, compared with controls ( Fig. 4B) , and the placental tissue from male fetuses presented a 50% decrease in the amount of protein. Gels that are representative of both samples are shown in Fig. 4C and D.
Effects of gestational stress on placental weight and pups
There was no modification in the day of delivery or in the total number of pups between the controls and stressed mothers (Tables 1 and 2 ). At day 15 of gestation, we found increased weight of the pups from stressed rats, compared with those from control non-stressed mothers (Fig. 5A) . Unfortunately, at this early age, we could not verify sex dimorphism to separate the fetuses by sex. The 72 pups from the 5 control pregnant rats and the 67 pups from the 5 stressed pregnant rats corresponded to the total pups (males and females). At day 19 of gestation, however, females were able to be differentiated from males, indicating the number of pups from 6 control pregnant rats and 5 stressed pregnant rats. The increased weight of pups from stressed rats was maintained at day 19 of gestation ( Fig. 5B) but was not present in 4-dayold pups ( Fig. 5C) , which was independent of sex. An increase in the weight of placental tissue at days 15 and 19 of gestation ( Fig. 5D and E) was also found. At day 4, there was no mortality of either the controls or stressed newborn rats.
Effects of gestational stress on the fertility of the female progeny when adults
No difference was found in the number of newborn rats from the first generation (i.e., those exposed to cold stress), but a decrease in second-generation Table 2 Effects of cold stress exposure during gestation on the length of gestation and number of newborn rats of the first generation.
Control Stress
Gestation (days) 21.6 ± 0.3 (n = 7 mothers) 21.9 ± 0.1 (n = 7 mothers) Number of newborns/litter 14.4 ± 0.3 11.7 ± 1.6 Number of newborns separated by sex Females: 7.6 ± 1.0 Females: 5.8 ± 0.5 Males: 6.8 ± 1.1 Males: 5.9 ± 0.9
The results correspond to the mean ± s.e.m. of the number of days of gestation or the number of newborn rats/litter. rats appeared when first-generation female rats were mated with fertile males (Fig. 6A ). In the analysis, the weight of female newborn rats decreased in the second generation (Fig. 6B) . The most important finding was that second-generation rats presented decreased fertility when they were mated with fertile males (Fig. 6C) . In this case, we used 20 controls and 20 stressed rats to examine fertility; we found that 18 of the 20 control rats became pregnant, but only 13 of the 20 stressed rats became pregnant.
Discussion
We found that exposing pregnant rats to sympathetic stress affected the placental transport of NE, leading to a decreased capacity of the placenta to clear NE from the fetus to the mother's circulation. For the first time, we also described the disrupted fertility of progeny as adults.
NE plasma levels during gestation and the effect of stress
Cold stress without hypothermia is a form of sympathetic stress in which the ACTH axis is not compromised (Benedict et al. 1979 , Pacak et al. 1998 , Goldstein & Kopin 2008 ; thus, the effects found in this work could be attributed to overexposure of the fetus to increased NE levels. We previously used chronic exposure to cold as an experimental tool to stimulate the sympathetic nerves in the ovaries of adult rats for 3, 4 or 8 weeks (Dorfman et al. 2003 , Bernuci et al. 2008 , 2012 . In addition, we used this stress paradigm in pregnant rats to study the impact on the ovarian function of their progeny (Barra et al. 2014) . Here, the main objective of this paper was to determine whether cold stress modified NE plasma levels of pregnant rats and whether changes in the NET expression of placental tissue could provide greater insight on the detrimental effects on reproductive function previously found by our laboratory (Barra et al. 2014) . The continuous decrease in NE plasma levels found in non-pregnant rats on the 15th and 19th days of the pregnant rats' gestation could be due to increased corticosterone levels in the control rats. This increase was also found during human pregnancy (Wintour et al. 1978) . Independent of this finding, cold exposure during gestation modified the pattern of changes in NE plasma levels. There was an increase in NE at day 19 of gestation despite the increased plasma levels of corticosterone, which were described as negative regulators of catecholamine biosynthesis (Dupouy et al. 1975) . Glucocorticoids decreased the proteolysis of phenylethanolamine n-methyltransferase (PNMT), an enzyme that produces adrenaline, and thus increased adrenaline synthesis with a concomitant decrease in NE (Wong et al. 1992) . During gestation, the fetus adapts to the environmental changes to which the mother is exposed. If exposure to these external conditions is chronic, the fetus develops all of its organs to prepare for the external milieu. This rapid adaptation occurs in only one generation; thus, it is much more rapid than genetic changes (Hales & Barker 2001 , Kajantie 2006 , Phillips et al. 2006 , Wells 2007 , Cottrell & Seckl 2009 , and it could induce permanent changes in cellular structure, organ physiology and metabolism that translate into a predisposition to cardiovascular, metabolic and endocrine diseases as adults (Godfrey & Barker 2000 , 2001 . In this regard, many studies performed in animals have demonstrated that short periods of exposure to excess or limited food, independent of the age of fetal development, has deleterious effects on long-term development (Wu et al. 2004) . This finding reflects the concept that nutrient availability during gestation could be one of the most important factors to determine the risk of diseases in adulthood (Langley-Evans 2007) . Protein restriction in Wistar rats during gestation and lactation increased the risk of cardiac fibrosis in adulthood (Lim et al. 2006) , Figure 6 Physiological impact of gestational stress on the second generation of rats. (A) Number of newborn rat controls in the first and second generations. In the graph, the number of pregnant rats in each group is shown. (B) Body weight at 4 days of female newborns rats. (C) Fertility of the second generation of stressed rats. The results are shown as the mean ± s.e.m. of the number of rats in each graph. The results were analyzed with a one-way ANOVA followed by the Newman-Keuls post hoc test. Brackets show significance between groups. *P < 0.05. In the case of fertility, the results were analyzed with a chi-square test.
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Reproduction ( and these data were supported by findings of low levels of cardiac β 1 -adrenergic receptors, reduced cardiac basal rhythm and lower levels of insulin receptors. In addition, isoproterenol delayed the compensatory response to recover cardiac rhythm, suggesting that prenatal exposure to protein restriction in the mother was directly linked to an increase in cardiac disease (Fernandez-Twinn et al. 2006) . In the same manner, prenatal exposure to glucocorticoids (to mimic stress) decreased the weight of newborn pups and increased blood pressure (Seckl & Holmes 2007) . The stage of gestation during which the stress was applied was also important. Stress was more harmful when applied during days 1-11 than when applied during the second half of gestation or over the entire gestation period, as indicated by decreased numbers and weights of newborns and increased neonatal deaths (Guo et al. 1993) . Although our stress paradigm did not affect the number of newborn pups, they did lead to larger placentas. Additionally, even when keeping mothers' diet and weight constant (data not shown), the weights of the pups throughout the pregnancy were greater. Regarding the sympathetic stress paradigm used in this work, increased plasma levels of NE could result in vasoconstriction of the uterine arteries, leading to failure in the invasion of trophoblasts (Na et al. 2013 ). This could likely explain the delayed development of neonatal ovaries under this stress paradigm (Barra et al. 2014) . Rats' ovaries develop during the last 5 days of pregnancy, i.e., the same stage in which the clearest changes in catecholamines were found.
One of the roles of the placenta is to maintain low levels of monoamines by clearing them from the uteroplacental circulation. The placenta achieves this by expressing high levels of monoamine transporters to remove catecholamines from the plasma and amniotic fluid (Hansson et al. 2007) . Pregnant women with preeclampsia have lower levels of NET (Bottalico et al. 2004) , which could result in increased catecholamine levels in fetal blood, as demonstrated in sheep. When catecholamines were administered to gestating sheep, they demonstrated high efficacy in clearing increased levels of adrenaline from the fetus, but when applied to a long-term study, increased levels of adrenaline in fetal blood were found (Gu & Jones 1986 ). This observation strongly suggested that prolonged stimuli, such as chronic stress, could affect the fetus and program physiological functions that are expressed in adulthood. This finding was especially important given the increased norepinephrine levels found during the rats' gestation and the NET transporter's decreased capacity to mobilize 3 H-norepinephrine. Because this study's stress paradigm effectively produced increased NE plasma levels, we correlated these data with the capacity of placental tissue to transport 3 H-NE. The incorporation of NE into placental tissue could be non-specific to many transporters present in the placenta that could be used by NE. Because we analyzed the cocaine-sensitive transporter (only for NET (Greiner et al. 2008 )), we can strongly infer that the decreased capacity to transport NE in the placental tissue of both male and female pups was due to a functional problem in the transporter's capacity or a decreased number of proteins in the plasma membrane. It is possible that these effects were related to a molecular mechanism that controls the electrochemical gradient of Na Bagrov et al. 2007 , Puschett et al. 2010 . A novel, unexpected observation was the sex difference in the expression of the NET transporter under stressful conditions. In the placental tissue of male pups, NET protein expression was higher. Under stress, however, NET protein expression increased in the placental tissue of female pups, whereas that of male pups decreased. To our knowledge, this study was the first time that a sex difference was described in placental NET, but there have been many examples of sex-associated changes caused by in utero stimuli. For example, undernutrition during gestation caused hypertension only in male pups. In contrast, increased fat in the diets of pregnant rats produced endothelial dysfunction in male and female pups but hypertension only in females (Grigore et al. 2008 (Grigore et al. , 2009 ). Gestating rats exposed to warmth, light and restraint in a multiple stress paradigm showed preferential effects on the cardiovascular response of their female progeny (Igosheva et al. 2004) . Further studies are needed to explain this last observation.
One of the most important observations of this study was the impact that gestational sympathetic stress had on the reduced capacity of second-generation female rats to be fertile after mating with fertile males. Furthermore, these data supported our previous study in which after the same gestational stress paradigm, first-generation newborn female rats presented delayed development of primary and secondary follicles and a lower response to FSH and β-adrenergic receptor agonists to stimulate secondary follicle development, hence delaying puberty (Barra et al. 2014) . Here, we found that these rats had damaged fertility. It is likely that these effects were due to epigenetic modifications provoked by chronic exposure to sympathetic overload of the pups during intrauterine development. The impact of this exposure on male development remains to be established.
Reproduction (2017) 153 147-155 www.reproduction-online.org
Conclusion
Increased NE plasma levels during pregnancy under sympathetic stress conditions correlated with decreased NET functionality that provoked changes in the development of progeny and their fertility in adulthood.
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